Dynamic Analysis of Actin Cable Function during Drosophila Dorsal Closure  by Jacinto, Antonio et al.
Current Biology, Vol. 12, 1245–1250, July 23, 2002, 2002 Elsevier Science Ltd. All rights reserved. PII S0960-9822(02)00955-7
Dynamic Analysis of Actin Cable Function
during Drosophila Dorsal Closure
of the signaling cascade directing this process have
been genetically defined, the precise cell biological
events are only currently being revealed by live analysis
Antonio Jacinto,1,5,6 William Wood,1
Sarah Woolner,1,2 Charlotte Hiley,2 Laura Turner,2
Clive Wilson,3 Alfonso Martinez-Arias,4
and Paul Martin1 of transgenic fly embryos expressing GFP fusion pro-
teins [1–4].1Department of Anatomy and
Developmental Biology Several actin structures are clearly apparent in leading
edge epithelial cells during the epithelial sweeping and2 MRC LMCB
University College London fusion events that underlie dorsal closure, and each of
these presumably plays a key role in driving this morpho-Gower Street
London WC1E 6BT genetic process. We have shown that dynamic filopodia
and lamellipodia extending from front row cells are criti-3 Department of Human Anatomy and Genetics
University of Oxford cal for zippering together the epithelial sheets and for
the cell:cell matching that is necessary to keep segmentsSouth Parks Road
Oxford OX1 3QX aligned across the epithelial seam [3]. However, through-
out dorsal closure, there is also a thick cable of actin4 Department of Genetics
University of Cambridge and associated non-muscle myosin that extends the full
circumference of the epithelial margin [5]. It has beenTennis Court Road
Cambridge CB2 3EH proposed that this cable simply plays a contractile
“purse string”-type role throughout dorsal closure, justUnited Kingdom
as during embryonic wound healing and in the repair of
some tissue culture wounds [6, 7]; in support of this,
zipper (zip) embryos, null for the motor protein non-Summary
muscle myosin II, often fail to complete dorsal closure
[5]. However, there is now good evidence that the cableThroughout development, a series of epithelial move-
ments and fusions occur that collectively shape the is not the only potential generator of force drawing the
epithelial sheets forward, at least at the later stages ofembryo. They are dependent on coordinated reorgani-
zations and contractions of the actin cytoskeleton dorsal closure, since laser cutting of the cable does not
slow down epithelial forward movement [2]. In addition,within defined populations of epithelial cells. One par-
adigm morphogenetic movement, dorsal closure in embryos that are either mutant for rho1 [8, 9], the small
GTPase responsible for triggering the assembly of ca-the Drosophila embryo, involves closure of a dorsal
epithelial hole by sweeping of epithelium from the two ble-like stress fibers in tissue culture fibroblasts [10], or
expressing dominant-negative rho1 transgenes [9, 11]sides of the embryo over the exposed extraembryonic
amnioserosa to form a seam where the two epithelial exhibit significant reductions in levels, and disrupted
organization, of actin and myosin in front row cells, andedges fuse together. The front row cells exhibit a thick
actin cable at their leading edge. Here, we test the yet, they ultimately can achieve full dorsal epithelial con-
tinuity.function of this cable by live analysis of GFP-actin-
expressing embryos in which the cable is disrupted To investigate further the function of the actin cable
during dorsal closure, we took advantage of rho1 andby modulating Rho1 signaling or by loss of non-muscle
myosin (Zipper) function. We show that the cable also zip alleles that produce phenotypes in which the
actomyosin cable disassembles part way through theserves a dual role during dorsal closure. It is contrac-
tile and thus can operate as a “purse string,” but it dorsal closure process but in which the overall tissue
movement typically does not fail. These mutants gavealso restricts forward movement of the leading edge
and excess activity of filopodia/lamellipodia. Stripes us the opportunity to analyze the effects of cable loss
at the cellular level without the complete disruption ofof epithelium in which cable assembly is disrupted
tissue architecture. Also, they allowed us to use livegain a migrational advantage over their wild-type
GFP-actin embryos to analyze the dynamic cell behav-neighbors, suggesting that the cable acts to restrain
ioral response and determine how these behavioralfront row cells, thus maintaining a taut, free edge for
changes influence the capacity of epithelial cells to par-efficient zippering together of the epithelial sheets.
ticipate in a coherent forward-sweeping movement.
Scanning electron micrographs of rho1 and zip em-Results and Discussion
bryos that complete dorsal closure reveal significant
similarities (Figure 1). In both cases, we have used com-Dorsal closure represents one of the last tissue move-
binations of amorphic or strong mutations, zip1/zipIIX62ments in Drosophila embryogenesis, occurring immedi-
or zip1/zip1 in the case of zip, and rho172O/rho172R in theately after the completion of germ band retraction at
case of rho1. Both zip and rho1 mutant embryos exhibitabout 11 hr after egg laying. Although many components
the same dramatic defects in head involution (compare
Figures 1A with 1B–1D), a tissue movement distinct from5 Correspondence: ajacinto@igc.gulbenkian.pt
dorsal closure, but a clear, posterior dorsal hole is ob-6 Present address: Instituto Gulbenkian de Cieˆncia, Rua da Quinta
Grande, 6, 2780-156 Oeiras, Portugal. served in none of the rho1 mutants, and, in our hands, in
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Figure 1. Scanning Electron Micrographs of
Wild-Type, zip, and rho1 Embryos at the End
of Dorsal Closure
(A) A dorsal view of a wild-type embryo just
after the completion of dorsal closure. The
anterior part of the embryo is to the left. Note
that the head tissue has involuted (arrow) and
the dorsal hole has closed, leaving perfect
segment alignment across the midline seam.
(B) All of the rho1 embryos analyzed (rho172O/
rho172R) show a defect in head involution
(arrow). The dorsal hole always closes com-
pletely, but, often, the midline seam is puck-
ered with some segmental misalignment.
(C) The majority of the zip mutants analyzed
(41% in the case of zip1/zipIIX62, and 92% for
zip1/zip1) complete dorsal closure, but all fail
at head involution (arrow). In this group, we
have only further analyzed mutants that close
the dorsal hole. Note the similarities to the
rho1 mutant in (B).
(D) An embryo mutant for zip, showing a com-
plete failure of head involution (arrow) and
also dorsal closure (arrowheads); 59% of the
zip1/zipIIX62 embryos and 8% of zip1/zip1 are in
this phenotypic class.
(E) A diagram of an embryo during dorsal clo-
sure zippering at mid-stage 14. The gray
square indicates the region that is magnified
in (F)–(H).
(F) High-magnification SEM, focusing on the
zippering front of a wild-type embryo before
completion of dorsal closure (see [E]). The
epithelial leading edge (dotted line) ex-
presses filopodia (arrowheads) that reach
across the amnioserosa to make contact with
the opposing front and zipper the two sides
together.
(G) In rho1 mutant embryos (rho172O/rho172R),
the leading edge filopodial and lamellipodial
protrusions (arrowheads and asterisks, respectively) are more abundant, and the epithelial front (dotted line) is now more disorganized than
the wild-type leading edge.
(H) The zip (zip1/zipIIX62) epithelial edge in a dorsally closing embryo is also very disorganized, and cells extend a broader extent of filopodial
and lamellipodial protrusions (asterisks) than in the wild-type cells.
The scale bars represent 100 m in (A)–(D) and 5 m in (F)–(H).
only 59% of the zip/zipIIX62 or 8% of the zip1/zip1 embryos bly and maintenance of cable-like stress fibers, by re-
pression of Myosin Light Chain phosphatase and direct(Figure 1D). The remaining zip mutants appear to com-
plete dorsal closure successfully (Figure 1C); although, activation of the Myosin Light Chain [14, 15]. It is also
likely that Rho1 regulates the cytoskeleton via alterna-frequently, like their rho1 counterparts, these embryos
show puckering or segment misalignments along the tive effectors. The kinase Pkn has been shown to func-
tion downstream of Rho1 during Drosophila dorsal clo-closed midline seam. Interestingly, puckering has pre-
viously been observed in mutants in which epithelial sure [9], and mDia, the murine homolog of Drosophila
Diaphanous, has been shown to bind active Rho1 andmovement is not properly downregulated at the midline
(e.g., puckered; [12]), suggesting that the actin cable contribute to the formation of stress fibers in mammalian
cells by promoting actin polymerization [16]. However,may be regulating cell spreading during some periods
of dorsal closure. We presume that the phenotypic varia- whether or not these signaling pathways regulate acto-
myosin contractility during dorsal closure has yet totion in zip embryos is due to differences in the maternal
contribution to the myosin II RNA and protein pool, which be demonstrated. Interestingly, Magie et al. [17] have
recently shown that Rho1 also interacts with p120ctnmust run out around the stage of dorsal closure [5].
Phenotypic similarities between zip embryos that and regulates cadherin-based adherens junctions in the
Drosophila embryo, suggesting that the leading edgecomplete closure of the dorsal hole and rho1 mutants
(compare Figures 1B and 1C) are not surprising since disorganization seen in rho1 mutants may be not only
a consequence of actin cable misregulation but also arho1 and zip have previously been shown to interact
genetically in Drosophila [13]. Moreover, a signaling link result of defective adherens junctions.
Further similarities between the rho1 and zip embryoshas also been revealed in mammalian cell culture stud-
ies, with Rho-associated kinase (ROCK), a Rho effector, were revealed when we used higher-resolution SEM (see
Figures 1G and 1H) to look at the leading edge cellsshown to regulate Myosin function, and thus the assem-
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during the final stages of dorsal closure. In both mutants [18] to express both GFP-actin and either dominant-
negative Rho1 (RhoN19, [20]) or constitutively active Rho1(Figures 1G and 1H), the normally straight, and appar-
(RhoV14, [21]) in 4- to 5-cell-wide epithelial stripes. Theseently taut, epithelial leading edge now appears to be
embryos were then imaged live or, alternatively, fixedrelatively disorganized and to have lost tension, with
and costained with Alexa594-phalloidin to reveal thefront row cells extending increased levels of filopodial
actin machinery of all the cells, including the interveningand lamellipodial protrusions compared to their wild-
wild-type stripes that do not express GAL4. Our initialtype counterparts (Figure 1F).
live analysis of these embryos reveals differences be-To observe the dynamic behavior of these cells, we
tween leading edge cells that are blocked in Rho1 signal-have used time-lapse confocal microscopy to analyze
ing and their wild-type neighbors from the earliestthe final stages of dorsal closure in living, wild-type
stages of dorsal closure. Rho1N19-expressing cells failembryos (Figures 2B and 2C) versus rho1 (Figures 2H
to assemble an actin cable but do express broad filo-and 2I) and zip (Figures 2E and 2F) embryos, expressing
podia and lamellipodia (see Movie 5). Without a cable,GFP-actin fusion proteins using the GAL4-UAS system
they do not constrict at their leading edge (Figure 3D)[18]. The fusion protein was driven in the epidermis by
in the way that their wild-type neighbors clearly do (com-the epithelial driver e22cGAL4, and only embryos that
pare Figures 3A and 3D). Subsequently, these mutantsubsequently closed the dorsal hole are described here.
Rho1N19 stripes of cells sweep forward, apparently re-As expected from our SEM observations, the cytoskele-
leased from their usual constraints, overspilling and dis-tal architecture of the leading edge that normally charac-
placing their wild-type neighbors (Figure 3E). Fre-terizes wild-type dorsal closure is lost in both rho1 and
quently, the dorsal edges of intervening wild-typezip mutants. The actin cable, which is clearly apparent
stripes are enveloped by adjacent Rho1N19-expressingin the wild-type leading edge from stage 13 onward
stripes, and this wild-type tissue is consequently(Figures 2B and 2C; see Movie 1), fails to assemble or
trapped back from the leading edge (Figure 3E; seedisassembles during the dorsal closure process in rho1
Movie 5). By the time that the dorsal hole is closed, mostand zip mutants (Figures 2E–2J; see Movies 2–4). The
of the midline seam epithelium is taken up by Rho1N19-disassembly of the actin cable is temporally coincident
expressing cells (Figure 3F) that clearly have a migrationwith a transition from an organized to disorganized lead-
advantage over their wild-type, cable-assembling neigh-ing edge (compare Figures 2E and 2H with 2B; see Movie
bors. In the converse experiment in which we express4). In both mutants, loss of cable is also coincident with
GFP-actin and a constitutively active Rho1 construct
more exuberant filopodial extensions than in wild-type
(Rho1V14) using the enGAL4 driver, we see precisely the
leading edge cells, and these filopodia frequently co-
opposite effect. Now, Rho1V14-expressing cells are more
alesce to form lamellipodia (Figures 2F and 2I; this transi- constricted than their wild-type neighbors at early
tion is most clearly seen in Movie 4). In wild-type em- stages (Figure 3G; see Movie 6), and they are subse-
bryos, lamellipodia are generally more a feature of the quently outcompeted during dorsal closure, such that
final stages of dorsal closure, as opposing epithelial wild-type stripes tend to dominate the leading edge
fronts make contact with one another. during dorsal closure (Figure 3H). Thus, when dorsal
The coalescing of filopodia to form lamellipodia in closure is complete, the midline seam epithelium is
mutant embryos leads to a broader extent of protrusion largely wild-type (Figure 3I).
per unit length of leading edge cells and an increase of Our results suggest that the actomyosin cable has a
up to 300% in the total protrusion area extending from dual role to play during dorsal closure. It is a driver of
these cells (Figures 2O, 2G, and 2J). We suggest that leading edge cell contractility from the earliest stages
the increased level of actin-based protrusions seen in of dorsal closure, but it is also required for restraining the
both rho1 and zip embryos at a time when the leading leading edge epithelial cells and maintaining a coherent
edge cable is disassembling may reflect that the cable and taut epithelial margin during the later phases of
serves some function in repressing excessive protrusive dorsal closure, particularly as the epithelial faces are
activity in these front row cells. The link could simply being zippered together. We propose that, in addition
be due to a greater availability of free actin monomers, to the previously described “purse string” function [5],
but it might also be a consequence of changes in mem- actomyosin cables may have a more subtle, but equally
brane and cortical actin stiffness at the free edge in important, support role during morphogenetic episodes
these cells. In this regard, myosin II has been shown to such as dorsal closure. These cytoskeletal structures,
play a role in maintaining the integrity and stiffness of regulated by Rho activity, function to maintain epithelial
the cortical cytoskeleton during Dictyostelium morpho- coherence during coordinated epithelial movements,
genesis [19]. It is not clear from our data whether down- particularly at free epithelial edges where a taut front
regulation of Rho in any way feeds back on Cdc42 activ- enables efficient zippering together and alignment of
ity, but we do not observe an increase in thickness or cells at a zipper seam, in a process that is perhaps
apparent contractility of the actin cable in cells express- analogous to zippering closed a very full luggage bag.
ing dominant-negative versions of Cdc42 (data not In a sense, the restraining function of the cable during
shown). dorsal closure is analogous to that which operates for
Our observations indicate that maintenance of a fully the band of actin at the periphery of a tissue culture
formed and functioning actin cable is not an absolute clone of epithelial cells. In this case, the growth factor,
requisite for closure of the dorsal hole. In order to test scatter-factor, can trigger disruption of the restraining
further how a failure to activate Rho1 and assemble an actin band as well as dissolution of cell:cell junctions,
actin cable might influence a cell’s capacity to partici- and cells at the periphery are consequently now able to
break free of their neighbors [22].pate in dorsal closure, we have used the enGAL4 driver
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Figure 2. Stills from Live Analysis of Wild-Type, zip, and rho1 Mutant Embryos Expressing UAS-GFP-actin under the Control of the Epithelial
Driver e22cGAL4
See the Supplementary Material for descriptions and access to the time-lapse movies.
(A) A diagram of an embryo during dorsal closure zippering at mid-stage 14. The blue square indicates the region that is shown in (B), (E),
and (H), and the yellow rectangle indicates the region that is a magnified in (C), (F), and (I).
(B) In e22cGAL4/UAS-GFP-actin wild-type embryos at mid-stage 14, the leading edge cells show a thick GFP-actin cable and dynamic actin-
rich filopodia that extend from the front row cells and appear to be playing a role in zippering epithelial sheets together.
(C) High-magnification detail of wild-type cable and filopodia.
(D–J) (E) zip embryos that close the dorsal hole (zip1, e22cGAL4/zip1, UAS-GFP-actin) exhibit disassembly of the actin cable and coincident
loss of organization in the leading edge. (F) High magnification of a section of leading edge cells from a zip embryo (zip1, e22cGAL4/zip1,
UAS-GFP-actin). In the regions where the cable is lost, the front row cells express an excess of filopodia that often merge to form thicker
processes and large lamellipodia (asterisks). (H) In rho1 mutant embryos (rho172O, e22cGAL4/rho172R, UAS-GFP-actin), the actomyosin cable
is also disrupted, and, coincidentally, the leading edge ceases to remain straight and under apparent tension as in the wild-type embryos.
The actin protrusions are more difficult to visualize in the rho1 mutants because the actin GFP is less bright in these embryos. (I) As in the
case of zip, high-magnification views of the rho1 mutants (rho172O, e22cGAL4/rho172R, UAS-GFP-actin) reveal that leading edge cells without
an actin cable now extend extensive actin-rich lamellipodial protrusions (asterisks). (D, G, and J) A graphic illustration of wild-type, zip, and
rho mutant embryos showing the changing extent of the protrusive area extending from a 40-m stretch of leading edge cells, during the
zippering phase of dorsal closure. Data were collated with ImageJ software and are derived from the same movies from which we captured
the stills shown in (C), (F), and (I). Note that while the wild-type leading edge (D) maintains a fairly consistent protrusive area/unit length of
leading edge throughout dorsal closure, the zip leading edge (G) significantly increases the protrusive area as the actin cable disassembles.
For the rho mutant (J), where our movie commences later in dorsal closure, the leading edge protrusive area is significantly greater than in
wild-type embryos and approaches the maximum seen in zip embryos.
The scale bars in (B), (C), (E), (F), (H), and (I) represent 5 m.
The dual role for the actomyosin cable during dorsal Our data support previous evidence suggesting that
multiple cytoskeletal events drive dorsal closure butclosure, operating both as a “purse string” and as a cell
restrainer, is likely to be a finely balanced operation. demonstrate that these events must be finely balanced
to ultimately produce the precisely organized zipperingModulation of normal Rho1 activity, as in the experi-
ments reported above, results in either overcontractility required for perfect midline fusion of the two epithelial
faces.of cells or their release from leading edge constraints.
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Figure 3. Wild-Type and Mutant Cells from
Embryos Expressing Dominant-Negative or
Constutively Active Rho1 Constructs in En-
grailed Stripes Have Different Morphogenetic
Properties
(A–I) GFP-actin (green) in engrailed stripes
highlights the region of transgene expression,
and those embryos imaged at the highest res-
olution (A, B, D, E, G, and H) have been coun-
terstained with Alexa594-phalloidin (red) to
reveal F-actin in all cells. Embryos are other-
wise (A–C) wild-type or also expressing (D–F)
rho1N19 or (G–I) rho1V14 under the control of en-
GAL4. The embryos are shown at three
stages: (A, D, and G) early dorsal closure, stage
14; (B, E, and H) zippering phase, early stage
15; and (C, F, and I) complete closure. (A) A
stage-14 embryo expressing only UAS-GFP-
actin under the control of the enGAL4 driver
showing a thick, taut cable in leading edge
cells. The apical edge of each leading edge cell
is clearly constricted. (B) During the zippering
phase, the actin cable is maintained and the
front row cells are brought together in perfect
alignment. (C) After closure, the enGAL4/UAS-
GFP-actin stripes match perfectly. (D) Even at
these early stages, embryos coexpressing
UAS-GFP-actin and UAS-Rho1N19 in en stripes
reveal differences between the wild-type and
mutant. The overall tautness of the cable is
disrupted. rho1N19 cells are not constricted
at their apical edge (arrows) and are already
more advanced in their forward sweeping
over the amnioserosa than their wild-type
neighbors. (E) The effects of rho1N19 expression become more dramatic during the zippering phase. The unrestrained mutant cells take over
the leading edge, displacing wild-type tissue in their wake (arrowheads). (F) By the time dorsal closure is complete, rho1N19-expressing cells
have largely taken over the closed midline seam. (G) Cells expressing Rho1V14 have a behavior that is the opposite of Rho1N19 cells. At this
early stage, leading edge cells expressing UAS-rho1V14 appear more contracted than their wild-type neighbors (arrows) and are already losing
their place in the leading edge. (H) During the zippering phase, the wild-type cells take over most of the front row. Progress of the Rho1V14
cells is restricted. They take on irregular shapes and have very little presence at the leading edge. (I) After closure, the midline seam of
embryos expressing UAS-rho1V14 and UAS-GFP-actin in en stripes is largely populated by wild-type cells.
The scale bars in (A), (B), (D), (E), (G), and (H) represent 10 m, and the scale bars in (C), (F), and (I) represent 100 m.
Experimental Procedures line [23] was crossed to the e22cGal4 driver to express actin-GFP
throughout the epidermis and to enGal4 to express the transgene
in engrailed (en) stripes. Coexpression of Rho1 constructs and GFP-Embryos for SEM were collected at the end of dorsal closure (12–13
hr after egg laying [AEL]), dechorionated in 50% bleach for 5 min, actin was achieved by crossing UAS-rho1N19 [20] or UAS-rho1V14
[21] lines to a stock carrying both enGal4 and UAS-GFP-actin on aand fixed overnight at room temperature in a 1:1 mix of heptane
and fixative A (1.6% formaldehyde and 2.5% glutaraldehyde in PBS). recombined chromosome. Embryos for double staining with GFP
and phalloidin were dechorionated in 50% bleach for 5 min andAfter fixation, embryos were hand-devitellinized in PBS, postfixed
in 1% osmium tetroxide in PBS, and rinsed further in PBS. After fixed 30 min at room temperature in a 1:1 mix of heptane and 8%
formaldehyde. After fixation, embryos were hand-devitellinized indehydration in a graded ethanol series, specimens were critical
point dried and sputter coated with gold before being imaged on a PBS, blocked in 1% BSA/0.1% Triton in PBS for 30 min, incubated
in 33 nM Alexa594-phalloidin in PBS/0.1% Triton for 30 min, washedJeol 5410 scanning electron microscope. The zip1 and zipIIX62 mutant
lines were obtained from the Bloomington stock center, and the 3 times for 15 min in 0.1% Triton in PBS, and analyzed on the
confocal microscope.rho172O and rho172R lines were obtained from David Strutt [20].
Embryos for live analysis of GFP-actin were collected during dor-
sal closure, hand-dechorionated with forceps, mounted in Voltalef Supplementary Material
Supplementary Material including time-lapse movies illustrating ac-oil under a coverslip, and imaged live with a Leica TCS SP confocal
system. Images compiled from four confocal optical sections (each tin events during Drosophila dorsal closure in wild-type embryos
and embryos defective for rho1 and zip function is available at http://averaged two times) were collected once a minute. The time-lapse
series was assembled and analyzed with ImageJ imaging software. images.cellpress.com/supmat/supmatin.htm.
To generate the necessary lines to analyze dorsal closure live in
zip and rho1 mutants, the alleles zip1, rho172O, and rho172R were Acknowledgments
recombined to e22cGAL4 and UAS-actin-GFP. For each combina-
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UAS-actin-GFP. This strategy allows for the analysis of mutant em- help with SEM; James Bloor and Daniel Kiehart for sharing unpub-
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positively because their heterozygous siblings do not express GFP. work was funded by the Medical Research Council, the Wellcome
Trust and Pfizer UK (P.M. and C.W. labs), Fundac¸a˜o para a CieˆnciaGFP-actin, Rho1N19, and Rho1V14 were expressed in the embryonic
epidermis by using the Gal4-UAS system [18]. The UAS-GFP-actin e Tecnologia (A.J.), and the Wellcome Trust (A.M.-A.).
Current Biology
1250
Received: February 21, 2002 serves a structural role independent of its motor function. Dev.
Biol. 232, 255–264.Revised: May 14, 2002
Accepted: May 31, 2002 20. Strutt, D.I., Weber, U., and Mlodzik, M. (1997). The role of RhoA
in tissue polarity and Frizzled signalling. Nature 387, 292–295.Published: July 23, 2002
21. Fanto, M., Weber, U., Strutt, D.I., and Mlodzik, M. (2000). Nuclear
signaling by Rac and Rho GTPases is required in the establish-
References ment of epithelial planar polarity in the Drosophila eye. Curr.
Biol. 10, 979–988.1. Edwards, K.A., Demsky, M., Montague, R.A., Weymouth, N., and
22. Ridley, A.J., Comoglio, P.M., and Hall, A. (1995). Regulation ofKiehart, D.P. (1997). GFP-moesin illuminates actin cytoskeleton
scatter factor/hepatocyte growth factor responses by Ras, Rac,dynamics in living tissue and demonstrates cell shape changes
and Rho in MDCK cells. Mol. Cell. Biol. 15, 1110–1122.during morphogenesis in Drosophila. Dev. Biol. 191, 103–117.
23. Verkhusha, V.V., Tsukita, S., and Oda, H. (1999). Actin dynamics2. Kiehart, D.P., Galbraith, C.G., Edwards, K.A., Rickoll, W.L., and
in lamellipodia of migrating border cells in the Drosophila ovaryMontague, R.A. (2000). Multiple forces contribute to cell sheet
revealed by a GFP-actin fusion protein. FEBS Lett. 445, 395–401.morphogenesis for dorsal closure in Drosophila. J. Cell Biol.
149, 471–490.
3. Jacinto, A., Wood, W., Balayo, T., Turmaine, M., Martinez-Arias,
A., and Martin, P. (2000). Dynamic actin-based epithelial adhe-
sion and cell matching during Drosophila dorsal closure. Curr.
Biol. 10, 1420–1426.
4. Grevengoed, E.E., Loureiro, J.J., Jesse, T.L., and Peifer, M.
(2001). Abelson kinase regulates epithelial morphogenesis in
Drosophila. J. Cell Biol. 155, 1185–1198.
5. Young, P.E., Richman, A.M., Ketchum, A.S., and Kiehart, D.P.
(1993). Morphogenesis in Drosophila requires nonmuscle myo-
sin heavy chain function. Genes Dev. 7, 29–41.
6. Martin, P., and Lewis, J. (1992). Actin cables and epidermal
movement in embryonic wound healing. Nature 360, 179–183.
7. Bement, W.M., Forscher, P., and Mooseker, M.S. (1993). A novel
cytoskeletal structure involved in purse string wound closure
and cell polarity maintenance. J. Cell Biol. 121, 565–578.
8. Magie, C.R., Meyer, M.R., Gorsuch, M.S., and Parkhurst, S.M.
(1999). Mutations in the Rho1 small GTPase disrupt morphogen-
esis and segmentation during early Drosophila development.
Development 126, 5353–5364.
9. Lu, Y., and Settleman, J. (1999). The Drosophila Pkn protein
kinase is a Rho/Rac effector target required for dorsal closure
during embryogenesis. Genes Dev. 13, 1168–1180.
10. Ridley, A.J., and Hall, A. (1992). The small GTP-binding protein
rho regulates the assembly of focal adhesions and actin stress
fibers in response to growth factors. Cell 70, 389–399.
11. Harden, N., Ricos, M., Ong, Y.M., Chia, W., and Lim, L. (1999).
Participation of small GTPases in dorsal closure of the Drosoph-
ila embryo: distinct roles for Rho subfamily proteins in epithelial
morphogenesis. J. Cell Sci. 112, 273–284.
12. Martı´n-Blanco, E., Gampel, A., Ring, J., Virdee, K., Kirov, N.,
Tolkovsky, A.M., and Martinez-Arias, A. (1998). puckered en-
codes a phosphatase that mediates a feedback loop regulating
JNK activity during dorsal closure in Drosophila. Genes Dev.
12, 557–570.
13. Halsell, S.R., Chu, B.I., and Kiehart, D.P. (2000). Genetic analysis
demonstrates a direct link between rho signaling and nonmus-
cle myosin function during Drosophila morphogenesis. Genet-
ics 155, 1253–1265.
14. Amano, M., Ito, M., Kimura, K., Fukata, Y., Chihara, K., Nakano,
T., Matsuura, Y., and Kaibuchi, K. (1996). Phosphorylation and
activation of myosin by Rho-associated kinase (Rho-kinase). J.
Biol. Chem. 271, 20246–20249.
15. Kimura, K., Ito, M., Amano, M., Chihara, K., Fukata, Y., Nakafuku,
M., Yamamori, B., Feng, J., Nakano, T., Okawa, K., et al. (1996).
Regulation of myosin phosphatase by Rho and Rho-associated
kinase (Rho-kinase). Science 273, 245–248.
16. Watanabe, N., Kato, T., Fujita, A., Ishizaki, T., and Narumiya, S.
(1999). Cooperation between mDia1 and ROCK in Rho-induced
actin reorganization. Nat. Cell Biol. 1, 136–143.
17. Magie, C.R., Pinto-Santini, D., and Parkhurst, S.M. (2002). Rho1
interacts with p120ctm and -catenin, and regulates cadherin-
based adherens junction formation in Drosophila. Development,
in press.
18. Brand, A.H., and Perrimon, N. (1993). Targeted gene expression
as a means of altering cell fates and generating dominant phe-
notypes. Development 118, 401–415.
19. Xu, X.S., Lee, E., Chen, T., Kuczmarski, E., Chisholm, R.L., and
Knecht, D.A. (2001). During multicellular migration, myosin ii
